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ABSTRACT

Specimens of fresh and cooked fish fillets of a variety of species
were compressed by an Instron Universal Testing Machine. The out
put, converted to true stress-strain relationships, revealed an initiat
linear portion up to 20—40% strain. This enabled the calculation of
the modulus of deformability from the slope. The curve continua-
tion was concave upwards in raw specimens, most likely because of
the development of hydrostatic pressure. In cooked specimens the
continuation was mostly concave downward, possibly an indication
of structural disintegration. Variations in the calculated moduli were
large along the same fillets and among fillets of the same species.

INTRODUCTION

OBIECTIVE EVALUATION of fish texture is difficult.
The nonuniformity of the structure is reflected on both the
small scale (e.g. flakiness) and the large scale (e.g. variations
along the fish body). Furthermore, since a fish, even after
filleting, maintains size and unigque shape characteristics, it
is extremely hard to prepare specimens of standard dimen-
sions for mechanical testing. In such cases, even the possi-
bility of accurate mapping of textural differences becomes
guestionable and consequently any companson between
species or individual fish.

A well known way to reduce the mechamcal artifacts
due to the specimen dimensions in uniaxial deformation is
by transformation of the force-time {or force displacement)
relationships recorded by Universal testing machines into
true stress-sirain relationships (Marin, 1962). Though this
type of representation does not account for diameter re-
lated effects (Lindley, 1979) nor instrumental artifacts such
as those generated by the recorder response time (Voisey
and Kloeck, 1975) or by friction along the supporting sur-
faces (Marin, 1962; Culioli and Sherman, 1976), it can still
show gross inherent differences among materials that can-
not be revealed by curves plotted in apparent coordinates
{Calzada and Peleg, 1978).

In this work, the possibility of measuring a compressive
deformability modulus, based on true stress-strain relation-
ships has been studied and evaluated. The ferm ““modulus
of deformability” suggested by Mohsenin and Mittal (3977)
is a replacement of Young's modulus which is only appli-
cable to small elastic strains. The deformability modulus is
representative of a material’s overall resistancea to deforma-
tion. The latter may include irreversible and rate dependent
deformations, both small and large. Unlike Young’s modu-
lus, the actual measured value of the deformability modulus
must depend on the test conditions, especially on the speci-
men dimensions (Lindley, 1979) and the deformation rate
(Peleg, 1977). However, if these effects within a certain exper-
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imental range are secondary in magnitude, such a modulus
may be a useful, practical parameter in the mechanical char-
acterization of food materials.

Apparent and true coordinates and
the modulus of deformability

The differences between the force-deformation curve
and the true stress-strain curves arc shown in Figure 1. The
shape of the force-deformation curve and consequently that
of the apparent siress-strain relationship is typically con-
cave upward almost up to failure (e.g. up to 30—40% defor-
mation in fresh fish). This typical shape characteristic is
mainty determined by the progressive expansion of the
cross-sectional area. Therefore, the curves of a large variety
of materials appear similar in shape, a factor that masks
their real mechanical properties. Furthermore, in practice,
especially when specimens of biological materials are pre-
pared for uniaxial deformation, the ends of the specimens
are not perfectly parallel or smooth. This adds an initial
{and additional)} curvature to the force deformation curves.
This artifact can easily be corrected when the material is
tough and has a relatively steep force-deformation curve. it
is not so in soft materials where the curvature attributed to
this factor is comparable to that of the curve iiself,

Calculation of the modulus
The modulus of deformability M (Fig. 1b} is defined as:

=7 (1)
T

where oy and of are the true stress and strain respectively.
For an incompressible material and with the assumption
that the specimen retains its shape during deformation:

_F@®) _F() [Hy—AH]
T A A, 2

where F(i) is the force, A(t) the actual cross-sectional area,
A, and H, are the original cross-sectional area and height

of the undeformed specimen and AH the absolute deforma-
tion.

FORCE OR_APPARENT STRESS
TRUE STRESS

DEFORMATION OR APPARENT STRAIN TRUE STRAIN

Fig. 1—Schematic representation of the difference between apparent
and true compressive stress-strain relationships.
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Fig. 2—Mechanical characterization of fish flesh by true stress-strain
curves,

The true compressive strain under these conditions is:

— ].I'l HO 3
T \Hg—aH )

Though these parameters, as already mentioned, do not ac-
count for local conditions in the specimen, they can be and
are used as a means of general interpretation of data ob-
tained in uniaxial deformation tests (Marin, 1962).

MATERIALS & METHODS

REFRIGERATED FILLETS of a variety of fish species were
brought to the laboratory within 24 hr after commercial filleting.
Some of the fillets were cooked in piastic bags, submerged in a hot
water bath, with circulating water at a temperature of 69°C. The
process was stopped when the center temperature reached 65°C.
The required cooking time was 6—35 min depeading on the thick-
ness of the fillet. The samples were then removed from the bath and
left to cool at ambient temperature.

Hundreds of specimens of both raw and cooked fillets were care-
fully cut wsing an electric carving knife. During cutting the sur-
rounding tissues were held in place by a device constructed of a

dense array of needles which guided the knife and at the same time
prevented the disintegration of the outer wall of the specimen. The
specimens were always cut in a direction perpendicular to the fillet
plane regardiess of the local orientation of the flakes.

The dimensions of each specimen (about 15 cm? of cross-sec-
tional area and 1.5—3 cm in height) were determined by a caliper
prior to the deformation test. The latter was performed by an In-
stron Universal Testing Machine equipped to provide force deforma-
tion output in a digital form. The data were converted by a compu-
ter program to true stress-strain relationships as described in Eqg (2)
and (3). The deformability modulus was calculated from the linear
portion of the relationship which was also analyzed statistically for
the defermination of the regression coefficient.

RESULTS & DISCUSSION

Shape of the stress-strain curve _

Schematic representation of prefailure stress relation-
ships of a variety of fish species are shown in Figure 2. The
figure demonstrates that up to a certain strain, usually in
the range 20-40%, the relationship was linear, supported
by correlation coefficients of 0.95—0.99 as shown in Tables
1—4. This enables the calculation of the deformability mod-
ulus from the slope of the straight line for each individual
specimen. Another objective textural parameter, so derived,
is the strain range in which the linear relationship holds.

Additional characteristics of the material mechanical
properties is the shape of the curve continuation. A concave
upward shape (i.e. the slope increases) can indicate com-
pressibility, development of hydrostatic pressure or the
existence of other mechanisms that contribute to increase
in apparent strength. A concave dowaward shape (i.e. the
slope decreases) on the confrary, is a clear indication of
internal fracture and structural disintegration of the de-
formed specimen (Calzada and Peleg, 1978).

Mechanical properties of fish flesh

Tvpical values of deformabilify moduli of the flesh of a
variety of fish species are given in Tables 1—4. These reflect
great variability in magnitude which is an indication of tex-
tural nonuniformity of the flesh. It could be expected that
specimens taken from the rear part of the fillets, i.e. closer
fo the tail, would show significantly tougher properties.
This however can hardly be revealed when a small number
of specimens are tested. One of the reasons for that is the
greal probability that part of the fish has suffered irreversi-
ble deformation during the filleting process. It can also be
argued that the inevitable differences in the temperature
history of the different specimens {within and among the
tested species) are responsible, at least partly, to the vari-

Table 1—Mechanical characteristics of Make (Uraphycis tenuis) fish fillets -

Upper limit Slope of ¢ = o(e)
of linear Regression Deformability curve continua-
Specimen G =cle2 coefficient modulusd tion beyond
Fish location (% strain) r {Ncm™2) linear region2
front 20-25 Q.97%* 3.1 increases
raw middle 25 0.96** 1.7 increases
rear 25 0.96** 1.7 increases
front 2025 0.97** 3.8 increases
raw middie 20 0.98%* 23 increases
rear 20 0.97%* 3.8 increases
front 2025 0.99** 2.7 decreases
cooked middle 25-30 0.99%= 2.5 decreases
rear 20-25 0.09%* 2.5 decreases
front 20 0.08%* 39 decreases
cooked middle 25 0.99** 4.0 decreases
rear 25-30 0.99** 5.1 decreases

2 See Fig. 2.
* Significant at 0.05 level; **Significant at 0.01 level.
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ability discovered among cooked fillets. Generally however,
the softening effect of cooking was measurable in terms of
the deformability modulus. (Overcooking, not reported in
this paper, will cause disintegration of the specimen and
will eventually reduce the modulus to zero).

One significant characteristic of cooked specimens was
the shape of the stress-strain curves. While all the raw sam-
ples, beyond the linear region (Fig. 2) had a concave up-
ward shape, most of the cooked specimens had a concave
downward continuation. (In the exceptional specimens the
slope increase was extremely small). The difference lies in
the physical difference between fresh and cooked fillets. In
the former, the considerable liquid content enabled the

development of hydrostatic pressure during compression.
Much of the Hguid has been lost during cooking, thus leav-
inga structure that basically consisted of denatured muscle
tissue.

CONCLUSIONS

A METHOD of interpretation of fish flesh stress-strain data
has been described. The evidence suggests that the moduius
of deformability as well as the shape characteristics of the
true stress-strain relationship can be sensitive indices to tex-
tural properties and reveal differences along the fish fillets
as well as between individual fillets, and species in both

fresh and cooked forms.
—Continued on page 1326

Tahle 2—Mechanical characteristics of poilock (Pollachius virens] fish fillets

Slope of ¢ = &le)

Upper limit
of linear Regression Deformability curve continua-
Specimen a=ogle}2 coetficient madulus2 tion beyond linear
Fish location {% strain) r (N em™) region@
front 20-25 0.97%% 5.1 increases
raw middie 20-25 0.95%* 2.0 increases
rear 25 0.98** 5.4 increases
front 20-25 0.98** 3.2 increases
raw middie 25 0.99%** 3.3 increases
rear 25 0.99** 1.6 increases
front 25 0.0g9=* 2.2 decreases
cooked middle 25—-30 0.97** 2.4 decreases
rear 50 0.99%* 2.2 sl increase
front 2025 0.96%* 4.6 decreases
cooked middle 20-25 0.99** 26 decreases
rear 20-25 0.99** 3.9 decreases
& See Fig, 2.

* Significant at 0.05 level; **Significant at 0.01 level.

Tahie 3—Mechanical characteristics of flounder (Pseudopleuronacetes americanus} fish fillets

Slope of ¢ = ale}

Upper limit
of linsar Regression Deformability curve continua-
Specimen o= olel?d coefficient modulus? tion beyond linear
Fish location {% strain) r (N em™) region®
front 25—-30 0.96** 1.5 increases
raw middie 25-30 0.98%* 8.8 increases
rear 30-35 0.99=* 8.4 increases
front 40 0.99** 2.9 sl, ingrease
cooked middle 40 0.98%* 2.8 sl. increase
rear 50 0.99** 4.4 sl. increase
4 See Fig. 2.

* Significant at 0,05 fevel; **Significant at 0.01 level.

Table 4—Mechanical characteristics of miscellaneous fish fillets.

Upper limit Slope of o = ale)
of linear Regression Deformability curve continua-
Specimen a=ocle)d coefficient modulus® tion beyond
Species raw/cooked {% strain) r (N em™) finear region2
Biuefish Raw 25 0.95*% 1.6 increases
(Patatomus
sottatrix) Cooked 25 0.89%* 1.8 decreases
Cod Raw 25--30 0.87%* 7.3 increases
Godus morhua)
Cooked 25 0.89%* 2.5 sl increase
Wolf Raw 25 0.86** 6.0 incfeases
{Anarhichas
{upus} Cooked 25 0.89** 1.9 decreases
2 See Fig. 2.

* Significant at 0.05 evel; **Significant at 0.01 level.
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Since the objective of the work was the development of
a procedure and not the study of actual differences be-
tween commercially available fillets, no effort has been
made to characterize or quantify these differences. It has
become clear however, from the data already gathered, that
variations between locations and fillets of the same species
are large. This may be due to geographical, seasonal, and
feeding factors related to the live fish, the orientation of
the flakes within the specimen, and to postmortem bio-
chemical factors and the filleting process itself. (Love,
1975; Howgate, 1977).
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